Mammalian metabolism of ingested cysteine is conducted principally within the liver. The liver tightly regulates its intracellular cysteine pool to keep levels high enough to meet the many catabolic and anabolic pathways for which cysteine is needed, but low enough to prevent toxicity. One of the enzymes the liver uses to regulate cysteine levels is CDO (cysteine dioxygenase). Catalysing the irreversible oxidation of cysteine, CDO protein is up-regulated in the liver in response to the dietary intake of cysteine. In the present study, we have evaluated the contribution of the ubiquitin-26 S proteasome pathway to the diet-induced changes in CDO half-life. In the living rat, inhibition of the proteasome with PS1 (proteasome inhibitor 1) dramatically stabilized CDO in the liver under dietary conditions that normally favour its degradation. Ubiquitinated CDO intermediates were also seen to accumulate in the liver. Metabolic analyses showed that PS1 had a significant effect on sulphoxidation flux secondary to the stabilization of CDO but no significant effect on the intracellular cysteine pool. Finally, by a combination of in vitro hepatocyte culture and in vivo whole animal studies, we were able to attribute the changes in CDO stability specifically to cysteine rather than the metabolite 2-mercaptoethylamine (cysteamine). The present study represents the first demonstration of regulated ubiquitination and degradation of a protein in a living mammal, inhibition of which had dramatic effects on cysteine catabolism.
INTRODUCTION
The intracellular free amino acid pool of cysteine is tightly regulated in the mammalian liver. In rats, for instance, intracellular cysteine is maintained between 20 and 100 nmol/g even when dietary protein or sulphur amino acid intake is varied from subrequirement to above-requirement levels for this species. The narrow range of permissible cysteine concentrations fulfils two homoeostatic requirements. Liver tissue must keep cysteine levels sufficiently high to meet the needs of protein synthesis and the production of other essential molecules such as glutathione, CoA, taurine and inorganic sulphur. At the same time, however, cysteine concentrations must also be kept below the threshold of cytotoxicity. The potent toxicity of excess cysteine has been demonstrated in several animal models [1] [2] [3] , whereas, in humans, chronically high levels of cysteine have been closely associated with rheumatoid arthritis [4] [5] [6] , Parkinson's disease [5] , Alzheimer's disease [5] , increased risk of cardiovascular disease [7] and adverse pregnancy outcomes [8] .
An important enzyme that contributes to the regulation of steady-state intracellular cysteine levels is CDO (cysteine dioxygenase; EC 1. 13.11.20) . Expressed at high levels in the liver, with lower levels in the kidney, brain and lung, this Fe 2+ metalloenzyme catalyses the oxidation of the thiol group of cysteine, yielding CSA (cysteine sulphinic acid). The oxidative catabolism of cysteine to CSA by CDO represents an irreversible loss of cysteine from the free amino acid pool; CSA is shuttled into the pathways of hypotaurine/taurine synthesis, inorganic sulphur production, and use of the carbon backbone as pyruvate for gluconeogenesis or oxidative decarboxylation and cellular respiration; a metabolic flowchart in Figure 1 highlights CDO within the context of cysteine's catabolic pathways. In vivo results suggest that the liver, the organ with the highest amount of CDO protein expression and activity, may use CDO as a means of catabolizing cysteine obtained through the diet and, in the process, conveniently generates CSA, the biosynthetic precursor of the essential metabolites sulphate, hypotaurine and taurine [9] .
Steady-state levels of hepatic CDO protein are exquisitely regulated by the availability of dietary sulphur amino acids. Hepatic CDO activity is barely detectable in rats fed with LP (low-protein; i.e. sulphur amino acid poor) diets but increases as much as 35-fold in rats fed with diets enriched with methionine, cystine or total protein [10, 11] . The regulation of CDO appears to be specifically associated with changes in intracellular cysteine concentration; other non-sulphur amino acids have no effect on CDO levels and blocking the synthesis of cysteine from methionine with the trans-sulphuration inhibitor propargylglycine inhibits the effect of methionine, but not of cysteine, on CDO levels [12] .
Cysteine's ability to regulate CDO levels is rather unique in that it is an exclusively post-translational phenomenon [13] . Recent evidence collected from rat primary hepatocyte cultures has shown that cysteine availability significantly affects the half-life of CDO protein [14] . In that study, under conditions where the supply of cysteine in the medium was limiting, cultured hepatocytes rapidly ubiquitinated and degraded CDO by the 26 S proteasome system. On the other hand, when cysteine availability was high, the ubiquitination of CDO was markedly attenuated CDO catalyses the first step in the CSAD pathway, cysteine → CSA → hypotaurine → taurine (highlighted in boldface), and shunts cysteine towards the production of CSA, pyruvate, sulphate, hypotaurine and taurine. For the purpose of clarity, multistep pathways apart from the CSAD route have been condensed to a single arrow. '?', unidentified enzyme.
and the half-life of the protein was significantly prolonged. The metabolic signal for ubiquitination in vitro appeared to be specific to the reduced form of cysteine, because oxidized metabolites of cysteine such as CSA were not able to prevent CDO degradation. Interestingly, the reduced cysteine metabolite MEA (2-mercaptoethylamine or cysteamine) was found to be as effective as cysteine in attenuating CDO degradation in vitro. This finding raised the possibility that, contrary to what has been logically presumed, the proximal metabolite for the signalling of CDO stabilization in vivo is actually MEA rather than cysteine.
Because previous work describing the cysteine-dependent regulation of CDO by the ubiquitin-26 S proteasome system has been limited to cell culture models [14] , we decided to explore whether this same system is responsible for the dietary regulation of CDO protein observed in vivo. We also sought to identify whether MEA is the actual in vivo regulator of CDO turnover. To address the first objective, pharmacological inhibition of the 26 S proteasome enabled us to prevent the degradation of CDO and even witness accumulation of ubiquitinated CDO intermediates under dietary conditions that otherwise would have led to its rapid proteolysis. Metabolic investigations revealed a significant enhancement of sulphoxidation flux upon inhibition of CDO degradation. To test the second objective, we fed rats with LP diets enriched in MEA and monitored tissue MEA accumulation and CDO protein levels. Surprisingly, we found that even under conditions of significant MEA accumulation, this metabolite failed to stabilize CDO in vivo. These results directly point to cysteine as the master regulator of CDO degradation in vivo.
EXPERIMENTAL

Animal feeding studies
Male Sprague-Dawley rats (170-210 g) were purchased from Harlan Sprague Dawley (Indianapolis, IN, U.S.A.). Rats were housed in polycarbonate cages containing paper bedding in a room maintained at 20
• C and 60-70 % humidity with light from 18:00 to 06:00 h. These animals had ad libitum access to water but had access to food only during the dark cycle 06:00 to 18:00 h, wherein food was provided in ceramic cups. To ensure high expression of hepatic CDO protein, all rats were initially fed with a HP (high-protein) diet for 1 week prior to the treatment day. This diet contained 40 % casein by weight. On the treatment day, rats were randomly assigned to the following five experimental treatments: maintenance on HP diet; switch to an LP (10 % casein by weight) diet; switch to an LP diet supplemented with 8.12 g/kg dietary cysteine (LP + CYS); switch to an LP diet supplemented with 7.2 g/kg dietary MEA (LP + MEA); or switch to an LP diet [LP + PS1 (proteasome inhibitor 1)] plus an intraperitoneal injection of the proteasome inhibitor, PS1 [N-carboxybenzyl-IleGlu(O-t-butyl)-Ala-Leu-aldehyde; 17 mg/kg in DMSO]. PS1 has been previously used to inhibit proteasome activity in vivo [15] and, in our hands, has proven to be an effective inhibitor of proteasome-mediated degradation of CDO in vitro [14] . Both the LP and HP diets were prepared by Dyets (Bethlehem, PA, U.S.A.) and were a modification of the AIN-93A diet [16] . The LP diet mixture was initially prepared with 25 g/kg sucrose excluded from it. For the LP and LP + PS1 diets, all of this sucrose was added back in. For the LP + CYS diet, 16.88 g/kg sucrose was added along with 8.12 g/kg cysteine to fully reconstitute the diet. For the LP + MEA diet, 14.4 g/kg sucrose was added along with 10.6 g/kg MEA HCl (7.2 g of MEA) to create the complete diet. Following reconstitution, all diets were prepared as gel cubes by the addition of a hot 3 % (w/v) agar solution, followed by casting in containers at 4
• C and cutting into easily managed cubes. At the end of the fasting, light cycle on treatment day (time = 0 h), three rats were killed to establish baseline values, and the remaining rats were switched to their assigned dietary treatments (six rats/treatment). Animals were subsequently killed 6 and 10 h after the diet switch (three rats from each group per time point). Animals in the LP + PS1 group received an intraperitoneal injection of PS1 at 2.5 h after the diet switch. At the appropriate time point, rats were weighed and anaesthetized using sodium pentobarbital (30 mg/ml in 15 %, v/v, ethanol) at a dose of 90 mg/ kg. Whole livers were removed, rinsed with ice-cold saline, and immediately frozen in liquid nitrogen. The animal protocol used in the present study was approved by the Cornell University Institutional Animal Care and Use Committee.
Western-blot analysis
Western-blot analysis was conducted as described previously but with some minor modifications [11] . Briefly, livers were homogenized in 4 vol. of lysis buffer containing 50 mM Tris/HCl, 150 mM NaCl, 1 mM EDTA, 0.5 % (v/v) Nonidet P40, 10 mM orthovanadate, 1× protease inhibitor cocktail (Sigma, St. Louis, MO, U.S.A.), 10 mM N-ethylmaleimide and 20 µM MG-132 (Boston Biochem, Boston, MA, U.S.A.), pH 7.4. Homogenates were centrifuged at 16 500 g for 20 min. Equivalent amounts of total supernatant protein from each experimental group, as determined by bicinchoninic acid assay (Pierce, Rockford, IL, U.S.A.), were separated by one-dimensional SDS/PAGE (either 12 or 15 %, w/v, acrylamide) and then electroblotted overnight on to 0.45 µm Immobilin-P PVDF membranes (Millipore, Medford, MA, U.S.A.). Immunoreactive protein was detected by chemiluminescence using rabbit anti-rat CDO polyclonal antibody [18] , rabbit anti-rat actin (Sigma) and horseradish peroxidaseconjugated goat anti-rabbit secondary antibody (Supersignal Pico; Pierce) with exposure to a Kodak X-OMAT film. Developed films were scanned using a desktop scanner. With the obtained electronic images, two-dimensional quantitative densitometric analysis was performed on protein bands using AlphaEase software (Alpha Innotech, San Leandro, CA, U.S.A.). Linearity of the developed signal was verified by examining dilutions of liver supernatant from the 0 h HP group that were run on each gel. The apparent molecular masses of native CDO (which ran as a double band on SDS/PAGE with a molecular mass of ∼ 23 kDa) and ubiquitinated CDO [which also ran as double bands with molecular masses of ∼ 23 + (n × 8) kDa, where n is the number of attached ubiquitin moieties] were consistent with previously published values [17, 18] . For the quantification of native CDO, both bands were used for densitometry.
Hepatocyte culture
Hepatocytes were isolated from rats that had been fed with the HP diet for 3 days and were cultured on 100 mm collagen-coated dishes in modified Williams' medium E as described previously [12, 14] . The basal sulphur amino acid-free medium used for culturing contained no cysteine but was supplemented with 100 µM methionine. After harvesting hepatocytes, cells were acclimatized for 24 h in basal medium supplemented with 1 mM cysteine to minimize CDO degradation prior to evaluating the effects of various cysteine analogues in maintaining CDO stability. At the beginning of the cysteine analogue time-course study (0 h), cells were washed with sterile PBS and then cultured in 15 ml of basal medium supplemented with one of the following: 0 mM cysteine, 1 mM cysteine, 1 mM MEA, 1 mM 2-mercaptoethanol, 1 mM 3-mercaptopropionic acid or 1 mM penicillamine (2-amino-3-mercapto-3-methylbutanoic acid). Cells were harvested at 0, 4, 12 and 24 h in the same lysis buffer as described for the Westernblot procedures. For culture periods longer than 12 h, the medium was replaced at 12 h. Experiments were replicated at least three times using hepatocytes isolated from different rats.
Analysis of tissue cysteine, MEA and hypotaurine content by HPLC
Determination of tissue cysteine levels was performed by modification of a previously described method [19] . Frozen livers were homogenized in 4 vol. of the same lysis buffer as used for the Western-blot analysis except that N-ethylmaleimide was not included. Following centrifugation at 16 500 g for 25 min, 75 µl of the sample supernatant was diluted with 25 µl of PBS and then reduced with 10 µl of 100 g/l tris(2-carboxyethyl)phosphine for 30 min at room temperature (22 • C). Reduced samples were deproteinized by the addition of 90 µl of 100 g/l trichloroacetic acid containing 1 mM EDTA. Samples were centrifuged for 10 min at 13 000 g. For thiol derivatization, 50 µl of sample supernatant was added to an autosampler vial containing 10 µl of 1.55 mM NaOH, 125 µl of 125 mM borate buffer containing 4 mM EDTA (pH 9.5) and 50 µl of 1 g/l SBD-F (ammonium 4-fluoro-7-sulphobenzofurazan; Dojindo Laboratories, Kumamato, Japan) dissolved in 125 mM borate buffer with 4 mM EDTA (pH 9.5). Thiol derivatization was done for 60 min at 60
• C. Chromatographic separation was done on a 4.6 mm × 150 mm Sunfire analytical column with C 18 5 µm spherical packing material (Waters, Milford, MA, U.S.A.) protected by a C 18 guard cartridge (5 µm spherical particles; Alltech Associates, Deerfield, IL, U.S.A.). A total of 80 µl of sample was injected on to the column by an automated sample injector (WISP 717 Plus; Waters). Derivatized thiols were separated by isocratic elution using buffer A, which consisted of 0.1 M acetic acid (pH 5.5) with 3 % (v/v) HPLC-grade methanol at a flow rate of 0.7 ml/min at room temperature. After elution of all thiols (10.5 min), the column was washed with 50 % buffer B, consisting of 0.1 M acetic acid (pH 5.5) with 50 % HPLC-grade methanol. The column was then equilibrated for 6 min with 100 % buffer A prior to the next injection. SBD-F-derivatized thiols were detected by a fluorescence detector (LC240; PerkinElmer, Boston, MA, U.S.A.) at an excitation wavelength of 360 nm and an emission wavelength of 515 nm. Analogue signals from the fluorescence detector were managed by a personal computer containing Empower software (version 5.0; Waters). Chromatographic peaks were integrated using this software and quantified against cysteine standards (5-50 µM) that were reduced, derivatized and run in parallel with the samples.
MEA and hypotaurine contents were assessed from the acid extracts of liver homogenates that were prepared by homogenizing frozen liver samples in 4 vol. of 5 % (w/v) sulphosalicylic acid. Homogenates were then centrifuged at 10 000 g for 10 min. Acid supernatant (1.5 ml) was removed and added to 50 µl of 0.2 mM m-Cresol Purple with mixing. While mixing the sample, 0.48 ml of 2 M KOH/2.4 M KHCO 3 was added followed by 50 µl of 50 mM dithiothreitol. The mixture was incubated at 37
• C for 30 min. After the incubation, 50 µl of 200 mM iodoacetate was added with mixing, and the mixture was placed in the dark for 10 min to alkylate free thiols. Chromatography of derivatized samples was conducted on a 4.6 mm × 150 mm column packed with Nova-Pak C 18 4 µm spherical packing material (Waters) equipped with a C 18 guard cartridge (5 µm spherical particles; Alltech Associates). Under conditions of no-flow, 75 µl of OPA (o-phthalaldehyde)-2-mercaptoethanol derivatizing reagent and then a 50 µl volume of the sample acid supernatant or standard solution were injected into the precolumn tubing by an automatic sample injector (WISP Model 712; Waters). The derivatizing reagent was prepared fresh daily by mixing 3.5 mg of OPA with 50 µl of 95% ethanol, 5 ml of 100 mM borate buffer (pH 10.4) and 10 µl of 2-mercaptoethanol. A 3 min delay was programmed prior to initiating flow of mobile phase to allow reaction of amines with OPA. Amino acids were separated by gradient elution using two buffers. Buffer A was 100 mM potassium phosphate buffer plus 3 % (v/v) THF (tetrahydrofuran) (pH 7.0) and buffer B was 100 mM potassium phosphate buffer plus 3 % THF and 40 % (v/v) acetonitrile (pH 7.0). Buffers were filtered through 0.45 µm filters before use. Flow rate was 1.0 ml/min and column temperatures were maintained at room temperature. Mobile phase was started isocratically for the first 1 min at 3 % B, increased to 30 % B over 6 min, then increased to 55 % buffer B over 13 min, and then increased to 100 % B over 2 min and held at 100 % B for 3 min. At 25 min into the run, the mobile phase was decreased to 3 % B over 10 min and the column was allowed to equilibrate for another 11 min before the next sample injection. Detection of OPA-derivatized amino acids was performed using a Spectra/glo Filter fluorimeter (Gilson Medical Electronics, Middleton, WI, U.S.A.) equipped with a 5 µl flow cell and filters for excitation and emission peaks at 360 and 455 nm respectively. The fluorimeter was connected to a personal computer equipped with Peak Simple Chromatography Data System version 3.21 (LabAlliance, State College, PA, U.S.A.) for the integration of chromatographic peaks.
Statistical analysis
All quantitative data are expressed as means + − S.D. Statistical analyses were conducted by ANOVA and Tukey's post-test procedure using Prism 3 (GraphPad Software, San Diego, CA, U.S.A.). Differences were considered significant at P 0.05. Unless otherwise stated, fold changes are relative to 0 h values.
RESULTS
Proteasome inhibition prevents hepatic CDO degradation
Rats switched from the HP diet to the LP diet exhibited a significant decrease in CDO protein over the time course of the study; by the 10 h time point, CDO levels had decreased by more than 80 % (Figure 2 ). CDO levels were stabilized, however, by maintaining animals on the HP diet, supplementing the LP diet with cysteine, or providing an injection of PS1. Although the effect of PS1 was comparable with that of rats maintained on the HP diet or given the LP diet at 6 h, its ability to attenuate CDO degradation was diminished by approx. 50 % at 10 h. Nevertheless, animals receiving a PS1 injection retained significantly more CDO protein than animals on the LP diet alone.
The expression of actin, a protein with an extremely long halflife [20] , was included as a loading control in the analysis of CDO levels. Steady-state levels of actin in the liver were not affected by any of the treatment groups within the time course of the study (Figure 2A) .
Effect of dietary treatments on hepatic CDO ubiquitination
Primary hepatocyte culture studies have shown that a reduction in cysteine availability causes an increase in the amount of polyubiquitinated CDO [14] . These ubiquitinated species, which constitute a relatively small fraction of the total CDO protein pool (< 10 %), were seen as a higher-molecular-mass ladder differing from the molecular mass of CDO by integer multiples of approx. 8 kDa (the molecular mass of monomeric ubiquitin is ∼ 8 kDa). As shown in Figure 3 , mono-and di-ubiquitinated forms of CDO were present in the livers of rats regardless of the treatment group, though the total quantity of the ubiquitinated species was treatment-sensitive. There was a marked accumulation of these species in the LP + PS1-treated animals, particularly at the 10 h time point, as would be expected from conditions wherein CDO ubiquitination is enhanced and proteasome activity is inhibited. Higher-molecular-mass forms of ubiquitinated CDO (tri-and tetra-ubiquitinated CDO) were also apparent at the 10 h time point, further demonstrating the accumulation of modified CDO following proteasome inhibition.
Effects of CDO stabilization on cysteine and hypotaurine levels in vivo
Given the effectiveness of proteasome inhibition in stabilizing CDO levels in vivo, we asked whether there would be any accompanying perturbation in the concentrations of CSA pathway metabolites. In particular, we anticipated that PS1 would decrease the intracellular cysteine pool and increase the intracellular hypotaurine pool. These predictions were based on several previously established observations concerning CSA pathway flux in vivo. First, CDO catalyses the flux regulating step of the cysteine → CSA → hypotaurine pathway [21] [22] [23] . The concentration of CSA, which is either rapidly decarboxylated by CSAD (CSA decarboxylase) to yield hypotaurine or deaminated by aspartate aminotransferase to yield pyruvate, does not change dramatically as intracellular levels are kept very low (frequently beneath the limits of detection) [24] . The intracellular pool of hypotaurine, however, has been shown to be closely tied to acute changes in cysteine sulphoxidation flux [25] . Indeed, hypotaurine rapidly accumulates in tissues as the capacity of hypotaurine oxidation to taurine appears to be slow and is readily saturable at high rates of hypotaurine generation from cysteine [26] [27] [28] . Although total reduced cysteine levels declined rapidly and significantly within the livers of animals switched to the LP diet, there was no additional decrease in hepatic cysteine levels in PS1-treated rats (Table 1) . Thus it would appear that the stabilization of CDO by PS1 had no significant effect on the total cysteine pool in this organ.
Concordant with the important role of CDO in the control of CSA pathway flux and hypotaurine synthesis, however, there was a clear association between liver CDO protein levels and liver hypotaurine content in the present study. The decrement in CDO protein within the LP group was accompanied by a sharp decline in hypotaurine content (Table 2 ). In contrast, the LP + CYS, LP + PS1 and HP groups, which had elevated levels of CDO protein relative to the LP groups, also displayed significantly elevated levels of hypotaurine.
MEA stabilizes CDO in vitro but is not the in vivo signal for CDO stabilization
Recently, it has been shown that MEA is as effective as cysteine in attenuating CDO degradation in vitro [14] . Using primary hepatocyte cultures, we conducted a more complete analysis of the ability of cysteine structural analogues to stabilize CDO in order to reveal what components of the cysteine molecule were necessary and sufficient for achieving CDO stabilization ( Figure 4A ). Although these compounds are structurally related to cysteine, they possess no significant inhibitory or stimulatory effect on CDO catalysis [17] . The ability of these compounds to attenuate CDO degradation under cysteine-limiting conditions is shown in Figure 4 (B). Although an amine group, two-carbon aliphatic backbone and reduced thiol group appeared to be necessary for preventing CDO degradation, none were sufficient on their own to mediate this effect. This would therefore appear to rule out a general redox effect on CDO turnover. Similarly, 1 mM ascorbic acid and 1 mM hydrogen sulphide -a reducing agent and cysteine metabolite -failed to prevent CDO degradation (results not shown). These results, coupled with previous studies in hepatocytes that have shown that oxidized metabolites of cysteine [12, 14] do not affect CDO turnover, effectively ruled out all other cysteine metabolites except MEA as potential mediators of CDO degradation. Because MEA is an indirect cysteine metabolite produced by the constitutive turnover of CoA in mammals, we decided to explore if the dietary stabilization of CDO by cysteine in vivo is proximally mediated by its subsequent metabolism to MEA. Switching rats from the HP to the LP diet significantly reduced MEA levels in the liver (Table 3 ). There was a partial restoration of tissue MEA by the LP + CYS diet, but the levels were still less than 30 % of those in tissues from rats fed with the HP diet. Dietary supplementation with a quantity of MEA that was equimolar to the amount of cysteine in the LP + CYS group significantly increased tissue MEA beyond that seen in the HP groups. In spite of this 
DISCUSSION
Although the ubiquitin-26 S proteasome pathway is thought to be responsible for the half-lives of most if not all intracellular mammalian proteins, direct evidence for targeted ubiquitination and degradation has been gathered for only a handful of proteinsthe majority being short-lived transcription factors and signal transduction molecules [29, 30] . Studies involving these proteins have relied heavily upon evidence derived from in vitro cell-free or intact cell culture models, with no demonstration of physiological regulation of the queried protein by the ubiquitin-26 S proteasome system in a living mammal. In the present paper, however, we have shown that CDO -a protein involved in intermediary amino acid metabolism -is robustly regulated by the ubiquitin-26 S proteasome system in vivo and that this regulation has a significant impact on flux through the CSA pathway. We have also demonstrated that it is cysteine, rather than its reduced metabolite MEA, that is the proximal signal for the dietary regulation of CDO ubiquitination and degradation.
Cysteine-mediated ubiquitination and degradation in the liver
Rats on the LP diet rapidly down-regulated CDO protein in response to low cysteine availability. This down-regulation was prevented by pharmacological inhibition of the proteasome. Moreover, ubiquitinated species of CDO were elevated in the livers of rats that received a specific proteasome inhibitor. These results are consistent with what we have previously seen in cultured primary rat hepatocytes and transfected HepG2 cells, which rapidly ubiquitinate and degrade CDO under conditions of low cysteine availability [14] . The degradation of liver CDO was also prevented by increasing the intracellular concentration of cysteine and was also accompanied by a decrease in the relative steadystate levels of ubiquitinated CDO after normalization by native CDO. Again, this parallels nicely with the results of our previous cell culture studies, wherein hepatocyte CDO ubiquitination and degradation were markedly attenuated upon incubation in a highcysteine medium [14] . The striking change in hepatic CDO protein stability seen in the present study occurred over a very narrow range of intracellular cysteine concentrations: approx. 0.3-0.6 nmol/mg of protein. The regulation of CDO stability by its substrate in vivo is therefore an extremely sensitive and robust system. Whether the cysteinemediated regulation of steady-state CDO ubiquitination is due to a decrease in the rate of ubiquitin attachment or an increase in the rate of de-ubiquitination is not clear; no such conclusion can be deduced on the basis of total steady-state ubiquitinated CDO. Work is currently under way to resolve this issue as well as to identify the putative E2/E3 ubiquitin ligases that initiate CDO ubiquitination. We do know, however, that the signal for ubiquitination and degradation does not appear to be due to structural changes in CDO arising from substrate binding. This conclusion is based on two pieces of evidence. First, MEA can effectively prevent CDO degradation in spite of the fact that it is neither a substrate for the enzyme nor an effective inhibitor of activity. Secondly, we have recently elucidated the crystal structure of CDO with cysteine complexed in its active site. Compared with the apo-enzyme, there are no significant changes in the solventexposed surfaces of CDO as a consequence of cysteine binding (C. R. Simmons, Q. Hao and M. H. Stipanuk, unpublished work).
Impact of CDO on CSA pathway flux and steady-state cysteine levels
Because CDO catalyses the first step in the CSA pathway, it is thought to be strategically positioned for the regulation of this pathway's flux. The results presented in this paper lend support to this notion of flux control, as there was a consistent positive association between CDO protein and hypotaurine levels. Moreover, significant hepatic hypotaurine accumulation could be accomplished even when intracellular cysteine levels were low by artificially increasing CDO levels through proteasome inhibition.
CDO is thought to be an important regulator of the hepatic intracellular free cysteine pool partly due to the dramatic rise in CDO protein/activity that follows cysteine intake and partly due to the lack of a metabolic pathway in mammals for the regeneration of cysteine from CSA. In light of these well-established observations, it was surprising that the hepatic intracellular cysteine concentrations of animals on a cysteine-limited diet were not significantly lowered when the degradation of CDO was inhibited by PS1. Metabolic data clearly demonstrated under these conditions that cysteine was being actively siphoned from the free amino acid pool for hypotaurine synthesis. This interesting floor effect on cysteine levels suggests that other mechanisms exist in the liver that prevent intracellular cysteine levels from decreasing below a critical level in vivo. A reduction in glutathione synthesis does not appear to be one such mechanism, as total GSH levels were not significantly changed in the organs of any of the treatment groups over the study time course (results not shown). Alternative possibilities include an increase in trans-sulphuration flux from methionine to cysteine or a reduction of cysteine incorporation in protein. Both of these adaptive phenomena occur in yeast under conditions of limited sulphur/cysteine availability [31, 32] , but additional work is needed to substantiate these responses in mammals.
MEA does not mediate CDO regulation in vivo
Cell culture work has consistently shown the cysteine metabolite MEA to be as effective as cysteine in preventing hepatic CDO degradation [14] . Our whole-animal studies, however, indicate that intracellular MEA is not the in vivo metabolic signal for CDO degradation. More specifically, animals on the LP diet and animals on the LP + CYS diet showed no significant change in intracellular MEA levels and yet had remarkable differences in CDO protein. Similarly, elevating MEA levels by dietary supplementation had no effect on CDO stability. Discrepancies between the in vitro and in vivo results for MEA may be attributable to the absolute magnitude of intracellular MEA accumulation in each system. In our experiments with primary hepatocyte cultures, we have found that when exposed to either 1 mM MEA or 1 mM cysteine, primary hepatocytes accumulate both amino acids to roughly comparable levels: approx. 7 nmol/mg of protein (results not shown). In contrast, even when animals were fed with MEA, MEA levels remained well below the lowest cysteine levels observed in rat tissue (i.e. those in the tissues of rats fed with the LP diet). Hence it is unlikely that MEA ever accumulates to levels sufficiently high to produce CDO stabilization in vivo. Collectively, these results point to cysteine, rather than MEA, as the signalling molecule that dictates CDO half-life in vivo.
Out of the panoply of sulphur amino acid metabolites synthesized and catabolized by eukaryotes, many have evolved to use intracellular cysteine levels as a homoeostatic sensor of sulphur flux. This amino acid has been shown to co-ordinate the expression of many enzymes involved in plant [33] and fungal [34, 35] sulphur metabolism. In the present study, we show that mammals also use intracellular cysteine levels to co-ordinate aspects of their sulphur metabolism. Moreover, cysteine levels specifically alter the half-life of CDO through the proteasome pathway and thus directly manipulate the rate of sulphoxidation flux in vivo. This is the first demonstration of a post-translational level of regulation mediated by cysteine. In the broader evolutionary context, the conserved usage of cysteine as a regulator of sulphur flux raises the interesting question of how organisms sense intracellular cysteine levels. At least within the context of the present study, the phenomenon does not appear to involve a simple redox-dependent sensor. The identification of this sensor shall provide a more integrated view of sulphur amino acid metabolism regulation across many kingdoms of organisms.
